Objective-Faster time from onset to recanalization (OTR) in acute ischemic stroke using endovascular therapy (ET) has been associated with better outcome. However, previous studies were based on less-effective first-generation devices, and analyzed only dichotomized disability outcomes, which may underestimate the full effect of treatment.
fold (range, 1.5-4.7) higher on ordinal, compared with dichotomized analysis. For every 15minute acceleration of OTR, 34 per 1,000 treated patients had improved disability outcome.
Interpretation-Analysis of disability over the entire outcome range demonstrates a marked effect of shorter time to reperfusion upon improved clinical outcome, substantially higher than binary metrics. For every 5-minute delay in endovascular reperfusion, 1 of 100 patients has a worse disability outcome.
Endovascular therapy (ET) has emerged as the first major advance in acute ischemic stroke (AIS) care in nearly two decades. A series of recent studies is establishing a clear improvement in ultimate clinical outcome for patients treated with this technique against best medical care alone. [1] [2] [3] [4] However, time from onset to reperfusion (OTR) is a key modifier of treatment benefit.
The observation that shorter time to reperfusion is associated with better outcome was first established for treatment with intravenous fibrinolysis. [5] [6] [7] Several recent studies have identified OTR as an important determinant as well of binary functional outcomes after endovascular intervention. [8] [9] [10] For example, one study noted a nearly 11% decrease in likelihood of achieving a nondisabled outcome (defined as 90-day modified Rankin scale [mRS] of 0-2 vs. 3-6) with a 30-minute delay. 8 However, by focusing only on dichotomized functional endpoints, these previous analyses are likely to have substantially underestimated the influence of OTR on improving clinical outcome. Reperfusion is likely to improve outcomes across the entire range of disability, and focusing on health-state transitions at only a single point in this range provides a highly incomplete index of therapy effects. [11] [12] [13] In this study, we seek to determine the full impact of OTR on clinical outcomes, by examining its influence over the full 7-value modified Rankin disability scale.
In addition, previous analyses focused on patients treated with previous generation and lesseffective ET approaches, such as intra-arterial fibrinolysis and coil retrievers. These techniques are representative of the initial round of ET trials that failed to demonstrate benefit over medical therapy, and, as such, their data cannot be directly applied to current techniques that are stent-retriever based. Thus, in order to obtain results most compatible with modern trials and current clinical practice, we performed this analysis in a combined cohort of two large stent-retriever based studies, the SWIFT and STAR trials. 14, 15 occlusion of an anterior intracranial artery. Key exclusion criteria included uncontrolled hypertension, serious sensitivity to radiographical contrast agents, and computed tomography (CT) or magnetic resonance imaging evidence of intracranial hemorrhage or major ischemic infarction (acute ischemic change in more than one third of the middle cerebral artery territory or more than 100mL of tissue in other territories). The studies were approved by the appropriate national regulatory bodies and by the ethics committee at each center. All patients or their legally authorized representatives provided signed informed consent.
Procedures
In the SWIFT trial, once enrolled, patients were treated with Solitaire stent-retriever device (roll-in phase) or randomized to treatment with the Solitaire stent-retriever device or the Merci device (randomized phase). All patients in the STAR study were treated with the Solitaire device. In this analysis, we included only patients treated with the Solitaire device for anterior circulation occlusions (internal carotid artery [ICA] or middle cerebral artery), who achieved substantial reperfusion, defined as Thrombolysis in Cerebral Infarction (TICI) scale scores of 2b or 3, as determined by a blinded core laboratory assessment. 16 Time to reperfusion was defined as the time from when the patient was last known to be well until the visualization of successful reperfusion as defined above in all treatable vessels. Global disability at 3 months was assessed with the 7-level modified Rankin Scale (mRS) in both studies.
Statistical Analysis
Key statistical analyses, including the primary endpoint analysis, were validated by an independent external statistician (J. Schafer, MS, NAMSA, Minneapolis, MN). Analyses of continuous variables were calculated by t test (when mean is reported) or Wilcoxon test (when median is reported). Analyses of discrete variables were conducted using Fisher's exact test. Onset to reperfusion was analyzed both as a continuous variable and as a trichotomized one with groupings of 120 to 240, 241 to 360, and 361 to 660 minutes. Multivariate analysis of factors influencing OTR was performed using linear regression. Adjusted ordinal logistic regression was used to model the effect of OTR on 90-day outcomes across the entire distribution of mRS. This analysis was adjusted for the following variables: age, sex, baseline NIHSS value, age × NIHSS interaction term, history of atrial fibrillation, history of hypertension, history of coronary artery disease or myocardial infarction, history of diabetes, history of hyperlipidemia, history of peripheral vascular disease, smoking, previous stroke or transient ischemic attack (TIA), prestroke Rankin Scale, target occlusion location, baseline serum glucose, and ASPECTS. 17 For dichotomous outcomes, number needed to treat to benefit (NNT) values were derived by dividing 100 by the absolute risk reduction. For ordinal outcomes, the NNT values were derived using algorithmic population of the joint outcome table. 18 In sensitivity analysis, these values were derived using two additional joint outcome table population methods: the permutation test and a bootstrapped automated random sampling method. 18, 19 Benefit per thousand (BPT) values were obtained by multiplying the inverse of NNT by 1,000.
Results
Among the 292 patients allocated to Solitaire treatment in the SWIFT and STAR studies, 202 (69%) achieved successful reperfusion for anterior circulation occlusions and met the inclusion criteria for this analysis. Substantial reperfusion in the anterior circulation was achieved in 84.2% (160 of 190) patients in the STAR study and 81% (42 of 52) in the SWIFT study by core lab assessments. Among these 202 patients, mean age was 68 (±13), 62% were female, median NIHSS was 17 (interquartile range [IQR], [14] [15] [16] [17] [18] [19] [20] , and premorbid mRS was 0 in 71% and 1 in 16%. Table 1 , baseline clinical and demographic characteristics were generally similar for patients with onset-to-reperfusion times (OTR) in the 2-to 4-, 4 to 6-, and 6-to 11-hour time windows. Notable differences include a trend toward slightly increased stroke severity in the patients in the longest time window (NIHSS 17), compared to the earlier ones (NIHSS 15). There was an increased frequency of diabetes in the patients in the longest time window as well as a trend toward higher baseline serum glucose levels on arrival in the patients in the later time windows. As expected, patients in the earlier two time windows were more likely to have been treated with IV tPA before mechanical thrombectomy. Importantly, there was no difference in time from hospital arrival to groin puncture between the groups. Patients who achieved successful reperfusion earlier arrived at the hospital earlier after symptom onset. The full distribution of OTR times for the entire cohort can be found in Figure 1 .
As shown in
Independent demographic and presenting clinical features associated with differences in OTR are shown in Table 2 . In multivariate linear regression analysis, each 5-point increase in NIHSS was associated with a 16-minute increase in OTR. Female sex and history of hyperlipidemia were associated with reduced OTR of 26 and 29 minutes. A history of diabetes was associated with a significant delay in OTR of 49 minutes.
The unadjusted association of clinical outcomes with onset to reperfusion times are shown in Table 3 and Figure 2 . Functional outcomes were best with treatment in the 2-to 4-hour window, intermediate with treatment in the 4-to 6-hour window, and least good with treatment in the 6-to 11-hour window. These findings were very similar in the subsets of patients who did not have diabetes (p < 0.05) and those treated with a single Solitaire pass (p < 0.01). Patients who achieved OTR in the 120-to 240-minute window had the lowest levels of disability at 90 days. For this group, mean mRS was 1.4, with 69% achieving mRS 0 to 1 and 81% achieving 0 to 2. There were no OTR group differences in rates of symptomatic intracranial hemorrhage, which were low, nor length of hospitalization. Nominal increases in mortality with later treatment did not reach statistical significance.
The independent effect of OTR on the binary endpoint of nondisabled outcome (mRS 0-2) at 90 days is shown in Figure 3 . The likelihood of a good clinical outcome was more than 80% for patients who achieved OTR of 120 minutes, approximately 50% for patients with an OTR of 360 minutes, and less that 20% for patients with an OTR of 600 minutes. The independent effect of OTR on the ordinal distribution of mRS outcomes, after adjustment for baseline characteristics, is shown in Figure 4 . The c-statistic for the predictive model was 0.757. Reductions in disability across the entire mRS outcome range were demonstrated in every 60-minute interval from 180 to 480 minutes OTR.
The benefit of faster reperfusion was substantial. In the primary algorithmic joint outcome table analysis, considering transitions over all 7 levels of the mRS, the number needed to treat was 30 for one more patient to benefit from 15-minute faster achievement of substantial reperfusion. Among 1,000 patients treated 15 minutes faster, 34 would have a less disabled outcome. Conversely, for every 5-minute delay in substantial endovascular reperfusion, 1 of every 100 treated patients has a worse disability outcome. In the sensitivity analyses, the permutation test and bootstrapped automated random sampling methods yielded identical results, with NNT of 28 for both. Table 4 shows NNT and BPT values for faster reperfusion, comparing ordinal and dichotomized analyses of the mRS. Ordinal analysis revealed a more profound effect of OTR on ultimate clinical outcome. With ordinal analysis, the BPT for 15minute faster OTR was 1.5-to 4.7-fold higher than observed with dichotomized analysis.
Discussion
In this study of over 200 patients treated with the Solitaire stent-retriever device in the combined SWIFT and STAR trial cohorts who achieved successful reperfusion, we found that accelerated onset to reperfusion was associated with improved disability outcomes. Compared to binary assessments, ordinal analysis showed an average 3-fold greater effect in improving clinical outcomes. For every 1,000 patients treated, every 15-minute acceleration in OTR was associated with 34 more patients having reduced final disability by one or more levels on the modified Rankin scale. Very early reperfusion, within 120 minutes from symptom onset, was associated with a greater than 80% chance of a nondisabled final (mRS 0-2) 3-month outcome.
We found that analyses that incorporate the full range of disability as measured by the mRS demonstrate a profound effect of OTR on ultimate clinical outcome. We detected real improvements in outcome with as brief as 15-minute increments in OTR. The overall effect of OTR on clinical outcome was 3-fold greater than that as determined with simple binary analysis. Ordinal benefit per thousand values differed mildly when derived using the automated algorithmic joint outcome table method (primary analysis) and the permutation tests (sensitivity analyses). This finding is consistent with the known proneness of the permutation test to attenuate correlations toward the null value when nondifferential misclassification may occur, as can arise with the mRS. 19 Our findings may usefully be contrasted with previous studies. Though we are unaware of previous studies that have examined the ordinal effect of OTR for ET, there has been a previous analysis of ordinal impact for faster onset to treatment time with intravenous tPA. 20 Our study found a nearly 2-fold greater benefit of 15 minutes faster OTR with ET than 15 minutes faster onset to treatment time with intravenous tPA. This difference is likely owing to reperfusion rates. The current analysis was confined to patients in whom substantial reperfusion was achieved. In the intravenous tPA treatment analysis, only 40% to 50% of treated patients would have achieved early reperfusion as a result and benefitted from faster therapy.
Our study confirms and extends previous studies of the effect of ET OTR, which have focused on dichotomized outcomes. 9, 10, 21 The high proportion of nondisabled outcomes in early reperfusion time frames in the present study is particularly notable in comparison to previous studies of ET. In this cohort, we found that 81% of patients with OTR in the earliest time window (120-240 minutes) achieved mRS 0 to 2 at 90 days. This finding is in spite of presenting with moderate-to-severe strokes, with NIHSS on presentation of 15 (IQR, [11] [12] [13] [14] [15] [16] [17] [18] [19] . This frequency of nondisabled outcome percentage is substantially higher, compared to the 52% observed in patients in the IMS III trial with TICI 2b/3 reperfusion in less than 300 minutes. 21 The difference between these two numbers, in part, reflects the earlier time window of analysis in the present study (upper limit of 240 rather than 300 minutes), but this difference is also maintained throughout the studied time intervals.
In continued comparison of the two curves, the curve generated by the current cohort demonstrates the continued influence of time to recanalization on clinical outcomes over a longer time scale, up to 10 hours. In addition, the overall rate of mRS 0 to 2 at 90 days is higher, at both the early time points (350 minutes, approximately 50% vs. 35%, SWIFT-STAR vs. IMS III) and as well as the later time points (400 minutes, approximately 42% vs. 20%, SWIFT-STAR vs. IMS III). Thus, the present curve demonstrates greater absolute values and a slower decline over time. These differences between studies may be owing to advancements in modern-day ET techniques and devices. Stent-retriever therapy is associated with substantially lower rates of intracranial hemorrhage complications than previous endovascular reperfusion techniques, so that the benefits of early as well as late reperfusion are less often mitigated by an accompanying hemorrhagic adverse event. 14, 22 It is also worth noting that the benefit of rapid revascularization that we identify appears to be independent of baseline ASPECTS. In our study, patients treated in the early, intermediate, and late time intervals all had similar pretreatment ASPECTS but patients presenting in the latest time periods had worse outcomes. This finding may be explained by the insensitivity of noncontrast brain CT to evolving ischemia in the very early time period. The patients who presented later had higher NIHSS and were more likely to be diabetic, which suggests the presence of more advanced ischemic injury that was not captured on CT, but could lead to worsened outcomes.
Our findings once again highlight the importance of accelerating OTR. Several researchers have proposed improved workflows to streamline care from the earliest prehospital setting, to preprocedural hospital care, and through to intraprocedural techniques. 23, 24 Features associated with more rapid OTR have included routing patients to high volume stroke centers, such as comprehensive stroke centers (CSCs). 25 Implementing prehospital stroke severity scales have been successful identifying patients with large artery occlusions and may be used as a screening tool to route patients to these centers. 26 A drawback of such "direct-to-CSC" approaches, however, is the possible delay in administration of intravenous tPA, if a primary stroke center were bypassed as a result. Though the benefit in clinical outcomes with earlier intravenous tPA delivery for equivalent time periods has been shown to be less than what we identify in this study of ET, it should be noted that studies on the effect of intravenous tPA include much broader cohorts (large and small vessel strokes) and do not routinely assess recanalization, only medication administration. 20 As such, although the findings from our study suggest potential benefit for a direct-to-CSC approach when the additional travel time would be small, this finding needs to be confirmed by controlled, clinical trials.
Our study has limitations. Our study used only automated techniques to derive treatment impact values in ordinal analysis. As a result, we could only derive net benefit per thousand patients. Expert population of joint outcome tables would allow disambiguated benefit and harm values per thousand patients to be derived, but would require subjective judgments by content experts.
In this study, we find that ordinal analyses of outcomes detect a far greater effect on patient outcome of early reperfusion post-ET in AIS. Specifically, we find that for every 5-minute delay in substantial endovascular reperfusion, 1 of every 100 patients treated has a worse disability outcome. As clinicians, we are constantly reminded of the challenges brought on by neurological deficits in our patients. More granular analyses such as these that are sensitive to detect smaller changes in disability allow for richer discussions when advising on treatment approaches, as well as providing counseling in the acute setting. Histogram of onset to reperfusion times for the entire cohort of patients studied in this analysis (n = 202). [Color figure can be viewed in the online issue, which is available at www.annalsofneurology.org.] Sheth 
Author Manuscript
Author Manuscript
Author Manuscript Ninety-day mRS outcomes divided by onset-to-reperfusion groups. Stacked bar graphs demonstrate full mRS outcome distributions for the examined cohort divided into three groups based on time of onset to reperfusion. Numbers within each colored region represent the percentage of patients with the corresponding mRS outcome grade for that group (p < 0.001, chi-squared test). mRS = modified Rankin Scale. [Color figure can be viewed in the online issue, which is available at www.annalsofneurology.org.] 17 (14) (15) (16) (17) (18) (19) (20) 15 (11) (12) (13) (14) (15) (16) (17) (18) (19) 17 (15) (16) (17) (18) (19) (20) 18 (13) (14) (15) (16) (17) (18) (19) (20) 0 
